• There is no general agreement as to the relative importance of factors controlling cardiac output. 1 " 3 In order to study the determinants of the cardiac output, attempts have been made to alter independently, selected variables.
The present investigation was designed to evaluate the effect of controlled augmentation of heart rate on the cardiac output. Utilization of dogs with chronic heart block allowed the study of changes in cardiac output over a wide range of heart rates.
Methods
Six medium-sized mongrel dogs with complete atrioventricular (A-V) block of 4-to 24-months duration were studied. A-V block was produced surgically by tightening a ligature around the common bundle or the right and left bundle branches high in the ventricular septum, according to a modification of the method of Taufic et al. 4 Each dog was premedicated for study with 45 nig. of morphine sulfate subcutaneously, followed by intravenous injection of approximately 3 ml./Kg. body weight of a solution containing 1.6 Gm. of chloralose and 16 Gin. of urethane per 100 ml. An endotracheal tube was inserted, and constant ventilation was maintained by a Harvard pump at a respiratory rate of 12 15 c.p.m. with the stroke volume adjusted between 200 and 300 ml., depending on the size of the dog. The dogs were studied while lying on their backs. A no. 6 electrode catheter* and a no. 5 or 6 Cournand cardiac catheter were introduced percutaneously via thin-walled needles into the external jugular veins and advanced to the right ventricle and right atrium, respectively. A no. 18 Cournand needle was introduced pereutaneously into a femoral artery. Both catheters and the arterial needle were attached to Statham strain gauges for pressure recording. The ventricle was stimulated by 2-to 3-volt electrical impulses initiated by an Electrodyne Cardiac Pacemaker.t The catheter tip in the ventricle served as the negative electrode and an external chest plate as the positive electrode. Pressures, electrocardiogram, pneumotachygrnm, and dye-dilution curves using indoeyanine green dye were recorded simultaneously on an Electronics for Medicine multichannel photographic recorder. Such records were obtained at the idioventricular rate and 3 to 10 minutes after initiating artificial pacing at selected dates. Cardiac output estimations by the dye-dilution method were obtained as described elsewhere. 5 Mean pressures were obtained by electrical integration.
The pacemaker invariably "captured" the ventricles and dominated the rhythm at all rates above the idioventricular rate of 24 to 42/rnin. Attempts to slow the rate below the idioventricular rate, even using a circuit breaker, were unsuccessful. There were very few "escape" beats (i.e., ventricular beats unrelated to the artificial pacemaker) at any rate of stimulation. Dyedilution curves in which "escape" beats occurred were discarded.
Similar studies were also performed in five unanesthetized heart-blocked dogs with previously implanted myocardial electrodes and right atrial and aortic root catheters. These dogs were studied in the upright position being supported by a sling, but with the feet touching the table top.
In five additional heart-blocked dogs, the duration of left ventricular ejection and the diastolic *U. S. Catheter and Instrument Corporation, Glens Falls, New York.
t Electrodyne Company, Inc., 30 Endicott Street, Norwood, Massachusetts. Alterations in carclac output associated with changes in ventricular rate. The different symbols in this and the following three figures indicate the six individual dogs. Ihe numbers above the symbols indicate observations in the same dog on different occasions. Note the increase in cardiac output when the ventricular rate is increased to above 60 beats per minute.
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filling period were measured at varying ventricular rates from fust-speed photographic recordings of root of aorta pressures. The duration of ejection was measured as the interval between the initial rise in aortic pressure and incisura, 6 the diastolic filling period as the interval from the incisura to the initial rise of the aortic pressure. Thus, the diastolic filling period includes the periods of isometric relaxation and contraction. The mean rate of ventricular ejection wns calculated as the sti-oke volume in milliliters divided by the duration of systolic ejection in seconds.
In three additional heart-blocked dogs, the areas of the opaeified left ventricle of at least three successive cardiac cycles were determined by serially planimetering the projected image from cinefiuorograms taken at 60 frames per second. These films were obtained at three different ventricular rates with the animal in the left lateral position during left atrial or pulmonary artery injection of 10 ml. of Ditriokon.* Rushrner 7 has shown that such areas are reproducible and valid estimates of changes in ventricular size.
Results
In this study, increasing the ventricular rate from the idioventricular rate to approximately 60/min. was accompanied by a rapid Alterations in stroke volume associated with changes in ventricular rate. Note that the stroke volume remains relatively constant at rates below 60 and then decreases progressively as ventricular rate is increased. Alterations in the mean right atrial pressure associated with changes in ventricular rate. Note the elevated mean right atrial pressures at both high and low ventricular rates with lower pressures at rates of 60 to 150/min. and progressive rise in cardiac output ( fig.  1 ). At these rates, the stroke volume appeared maximum and remained relatively constant ( fig. 2 ). Increasing ventricular rate in this range was also accompanied \>y a marked and progressive fall of mean right atrial pressure ( fig. 3 ) and of right ventricular end-diastolic pressure ( fig. 4 ). At ventricular rates between approximately 60 and 90/rain., there was a further increase Alterations in right ventricular end-diastolic pressure with changes in ventricular rate. Note similarity between the right ventricular end-diastolic pressure and the mean right at rial pressure ( fig. 3 ).
in cardiac output, but disproportionate to the increase in rate. The stroke volume, therefore, decreased. There was a further slight decrease in mean right atrial pressure and in right ventricular end-diastolic pressure. At ventricular rates between approximately 90 and 150/min., the cardiac output remained relatively constant. Therefore, the calculated stroke volume decreased progressively. Bight atrial and right ventricular end-diastolic pressures often tended to rise as a rate of .150/min. was approached.
At ventricular rates exceeding 150/min., the cardiac output tended to fall, with further decrease in stroke volume, despite rising mean right atrial and right ventricular end-diastolic pressures.
Mean arterial pressure usually increased progressively with increasing ventricular rate over the entire rate range studied. The calculated peripheral resistance was highest at the idioventrieular rate, decreased to a minimum at the medium rates, and again increased somewhat at very rapid rates. There was no consistent correlation between calculated "central blood volume" and ventricular rate in Hi is study.
Rate-induced hemodynamie changes in a typical experiment are shown in figure 5 . were observed in the unanesthetized dogs. Therefore, the effects of anesthesia and posture of the animal in this study would appear to be negligible.
The duration and mean rate of ventricular ejection decreased progressively with increasing ventricular rate in the range from 60/ min. to 240/min. Increasing the ventricular rate from the idioventrieular rate in three dogs resulted in a decrease in the duration of ventricular ejection, but an increase in mean rate of ventricular ejection. The diastolic filling period was shortened progressively as rate was increased in all five dogs in which it was measured. Figure 6 demonstrates the changes in the diastolic filling period in one dog. 
FIGURE 6
Alteration of the diastolic filling period associated with changing ventricular rate during the study of one dog.
Cinefluorographic studies in three dogs demonstrated a consistent decrease in the diastolic ventricular area as the ventricular rate was increased. There was also a slight decrease in systolic area with increasing ventricular rate in two of these dogs. Figure 7 demonstrates the changes in ventricular area observed in one dog at three different heart rates.
Discussion
Complete heart block alters the heart both anatomically and physiologically. After A-V block is produced, the heart rapidly dilates. Gradually, the ventricles become markedly hypertrophied. Starzl et al. 8 reported the effects of acute heart block on cardiovascular hemodynamics in the dog at the idioventricular rate. They observed a decrease in cardiac output, coronary blood flow, left ventricular work, and mean arterial pressure; an increase in right atrial pressure, stroke volume, and arteriovenous oxygen difference; and no significant change in myocardial efficiency or oxygen consumption.
Although Starzl also described 0 complete heart block as a method for producing experimental heart failure in the dog, only one of the original seven dogs blocked for our study developed overt salt and water retention. This Alterations in left ventricular area associated with changes in ventricular rates. Note the progressive decrease in diastolic area as the ventricular rate is increased. dog died three months later with massive ascites. No study was performed on this dog. The remaining six dogs were kept in cages, fed regular dog chow, and used repeatedly for experimental study.
Slow resting heart rate and elecrocardiographic evidence of total A-V dissociation with a ventricular or nodal pacemaker attested to the permanence of A-V block and absence of regeneration of normal conduction pathways in these dogs. Although tricuspid insufficiency may be produced in the heartblock procedure, none of these dogs showed evidence of this lesion on simultaneous right atrial and right ventricular pressure tracings. In two dogs tested, there was no early appearance of indoeyanine dye in the right atrium following right ventricular injection of the dye. Eepeated studies of the same dog over the 24-month period suggested that the cardiac output at any given rate decreased over that period of time.
Control of heart rate by atrial stimulation has proved erratic in this and other laboratories. 10 Ventricular stimulation in the heartblocked dog overcomes this difficulty. It has been shown that there is no difference in response to electrical stimulation of the right ventricle, left ventricle, or the interventricular septum, 11 and that the contractile force of the ventricles depends more on the heart rate than on the origin of the pacemaker. 12 This study was designed to observe the effect of ventricular rate per se on the cardiac output. The cardiac output response to changes in ventricular rate necessarily includes the response to other rate-induced hemodynamic changes. There is also a possibility that the ventricular hypertrophy and the electrical stimulus used to alter ventricular rate may have induced other changes in the vascular and central nervous systems, which are independent of heart rate. Figure 1 demonstrates that the cardiac output was low at both high and low ventricular rates when compared to the middle-rate range despite an elevated right atrial and right ventricular end-diastolic pressure. At slow rates, when the stroke volume was maximum and relatively constant, an increase in ventricular rate resulted in an increased cardiac output. Therefore, the cardiac output was rate-dependent in this range. Over the mid-range of ventricular rate (90 to 150/min.), alteration of heart rate did not significantly affect cardiac output. The maintenance of a stable cardiac output in the face of an increasing ventricular rate was accomplished by a progressive decrease in stroke volume. At rates above 150/min. the cardiac output tended to fall.
Explanation of the fall in cardiac output at very fast ventricular rates is somewhat complex. Wiggers and Katz 13 and Hamilton et al. 14 suggested that the decreased output at rapid rates was due primarily to the shortened diastolic filling period. The magnitude of this decreased filling time is demonstrated in figure 6 .
It could be reasoned that the rapid rates were accompanied by a decreased coronary blood flow and that the resulting ventricular ischemia caused the decreased cardiac output. However, Berglund et al., 15 working with a preparation similar to that used in the present study, found uniformly increased coronary flow with increased rate. They concluded that decreased diastolic filling caused the fall in cardiac output at rapid ventricular rates.
Cinefluorographic evidence from this study of decreased diastolic ventricular size at rapid rates confirms Berglund's conclusion and suggests that decreased diastolic filling may be the major factor limiting increase in cardiac output with increased ventricular rate. Buckley et al., 16 using the dog's isolated right ventricle, demonstrated a variation in diastolic filling characteristics with rapid rates, resulting in a smaller diastolic size at a given filling pressure. Likewise, Braumvald et al. 17 have shown that, at any given level of end-diastolic circumference, the end-diastolic pressure is higher at more rapid ventricular rates. This altered pressure-volume relationship which accompanies tachycardia has been attributed to incomplete ventricular relaxation and resistance to ventricular distention. Therefore, the decreased diastolic filling which resulted in the decreased cardiac output observed at rapid ventricular rates may be attributed not only to decreased diastolic filling time, but also to resistance to ventricular distention during the shortened diastolic filling period.
It would appear that at low rates the diastolic filling period is adequate and the ventricle is easily distended to a large end-diastolic size, but the heart beats too infrequently to clear the central venous reservoir. On the other hand, at high rates the diastolic filling period is shortened and the ventricle is less easily distended, resulting in a decreased ventricular end-diastolie size and possibly a decreased clearing of the central venous reservoir. The elevated right atrial and right ventricular end-diastolic pressures at low and high ventricular rates may be due to the decreased clearing of the central reservoir or to other compensatory mechanisms such as increased venous tone.
Summary
The effect of heart rate on cardiac output and associated rate induced hemodynamic changes in dogs with chronic heart block is presented and discussed. At heart rates below 60/min., the stroke volume was maximum and relatively constant, and the cardiac output was largely rate-dependent. These relation-Circulation Research, Volume X, April 196S ships did not exist at ventricular rates above 60/min. Cinefiuorographic evidence of decreased diastolic ventricular filling with increasing ventricular rates is presented. At very slow and very fast ventricular rates, the cardiac output decreased despite an increase in right atrial and right ventricular end-diastolic pressure. At slow rates the decreased output was due to rate alone, while at rapid rates it was attributed to the decreased diastolic filling period and resistance to ventricular distention, resulting in decreased diastolic filling.
